Introduction {#sec1-1}
============

The brain has a very complicated network structure that is composed of neurons and glia, and these neurons are integrated by synaptic connections. A synaptic connection is not only a junction between neurons, but is also the apparatus that transfers an action potential from one neuron to other (Kida and Kato, 2015). Synapses are composed of three elements, a presynaptic membrane, a synaptic cleft and a postsynaptic membrane (Sanders et al., 2015). Dendrites possess many dendritic spines, where the excitatory postsynaptic membrane is located (Amaral and Pozzo-Miller, 2009; Stein et al., 2015). Therefore, dendritic spines are critical for synaptic function and pathogenesis of central nervous system diseases. Synaptic plasticity appears during animal development and continues in aging animals (Lauer et al., 2012; van der Zee, 2015). In our previous study, synaptogenesis was studied in the visual cortex. We showed that nascent synapses could be found as early as embryonic day 15 in the mouse brain. These synapses were structurally immature, with pleiomorphic vesicles in the presumed presynaptic terminal, an unspecialized postsynaptic plasmalemma and a very narrow synaptic cleft. With increasing age, there was gradual thickening of both the pre- and post-synaptic membranes, and the synaptic cleft widened. Up to postnatal day (P14), mature synapse ultrastructure was not seen. The number of dendritic spines and synaptic buttons increased with age and plateaued at P15 (Li et al., 2010). In contrast to synaptic development, synaptic aging is linked with the pathogenesis of some neurodegenerative diseases, such as Alzheimer\'s disease and Parkinson\'s disease (Arendt et al., 2015; Bate and Williams, 2015). Synaptic damage and synaptic loss are the main manifestations of synaptic aging. Multiple references support the idea that aging disrupts synaptic connections in Alzheimer\'s disease (Coleman and Yao, 2003; Baazaoui and Iqbal, 2017; Jackson et al., 2017; Baazaoui and Iqbal, 2018). Synapse loss is a key feature of dementia, but it is unclear whether synaptic damage and loss occur in the aging cerebellum.

In this study, we studied synaptic aging of Purkinje cells in the cerebellum. We used immunofluorescent labeling, DiI diolistic assays and transmission electron microscopy, to visualize synaptic buttons, dendritic spines and synaptic ultrastructure of Purkinje cells. Our data will be helpful for understanding the pathogenesis of neurodegenerative diseases.

Materials and Methods {#sec1-2}
=====================

Animals and group assignment {#sec2-1}
----------------------------

C57BL/6J mice were obtained from the Model Animal Research Center, Nanjing University, China. The experiment was approved by the Animal Ethical Committee of Henan University of China (HUSOM-2016-238; Approval time: 2016-01). Adult male and female C57BL/6 mice were housed in breeding cages with a 12-hour light/dark cycle. P0 was defined as the first 24 hours following birth. Mice were grouped according to the following ages: P0, P3, P7, P14, P30, postnatal month 3 (P3M), P6M, P12M and P18M. A total of 108 male mice were used in this study. Each group contained at least eight mice. Mice at designated ages were intraperitoneally anesthetized with sodium pentobarbital (20 mg/kg), then perfused transcardially with 4% paraformaldehyde in 0.01 M phosphate buffer (pH 7.2). Brains were removed from the skull. Cerebella were carefully separated from brains and fixed in 4% paraformaldehyde for 1--2 days at 4°C.

Immunocytochemistry {#sec2-2}
-------------------

Synaptophysin is a synaptic vesicle protein and a marker of presynaptic termini (Feeney et al., 2013). Calbindin is a Purkinje cell-specific marker, (Rajappa et al., 2016). P0 to P18M mice were transcardially perfusion-fixed with 4% paraformaldehyde and postfixed in the same fixative for 1--2 days at 4°C. Sagittal sections (50 μm) were cut with a vibrotome. After rinsing in 0.01 M phosphate buffer, the sections were preincubated in blocking solution (5% normal goat serum and 0.2% Triton-X 100 in 0.01 M phosphate buffer) for 30 minutes at room temperature. The sections were used for synaptophysin/calbindin double immunofluorescence labeling. Primary antibodies for synaptophysin (rabbit anti-synaptophysin polyclonal antibody, 1:300, AB14692; Abcam, Cambridge, MA, USA) and calbindin (mouse anti-calbindin monoclonal antibody, 1:500, AB82810; Abcam) were added, and the slices were incubated overnight at 4°C. After multiple washes in 0.01 M phosphate buffer, the secondary antibodies, Alexa Fluro 488 donkey ant-rabbit IgG (1:300, A21206; Invitrogen, Carlsbad, CA, USA) and Alexa Fluro 568 donkey anti-mouse IgG (1:600, A10037; Invitrogen) were added and incubated at room temperature for 3 hours. After three washes, sections were mounted in medium (65% glycerol in 0.01 M phosphate buffer + 1:10,000 DAPI for counterstaining). Sections were imaged with an epifluorescence microscope (BX61; Olympus, Tokyo, Japan) under rhodamine, fluorescein isothiocyanate (FITC) or ultraviolet excitation. High-quality sections were photographed with a laser confocal microscope (FV1000; Olympus). The synaptophysin puncta appeared green, and Purkinje cells were stained red with blue nuclei.

1,1′-Dioctadecyl-3,3,3′,3′-tetramethylindocarbocyanine perchlorate (DiI) diolistic labeling {#sec2-3}
-------------------------------------------------------------------------------------------

Diolistic labeling with DiI was performed to visualize the dendritic spines of Purkinje cells. Fixation was the same as for immunocytochemistry, and sagittal cerebellar slices (100 μm) were cut using a vibratome. Slices were washed and stored in 0.01 M phosphate buffer for DiI delivery. DiI bullets were prepared according to the method of Li et al. (2010). Briefly, 4 mg of gold particles (1.6 μm diameter) were mixed with 2.5 mg DiI (Sigma) and suspended in 250 μL methylene chloride. The coated particles were immediately transferred to a 1 mm diameter Gene Gun tube (BioRad, Hercules, CA, USA). Gold particles were allowed to adhere to the tube at 4°C for 1--2 days. After withdrawing the solution, the tubing was dried with nitrogen. The tube was cut into small sections. For DiI particle delivery to P0 − P18M mice, slices were transferred to a Petri dish, and the medium was drained. DiI-coated particles were delivered using the Helios Gene Gun system (BioRad) at a pressure of 150 psi. After delivery, slices were incubated in 0.01 M PB (pH 7.2) at 4°C overnight to allow diffusion of the dye along the neuronal processes. After three washes, sections were mounted with 65% glycerol in 0.01 M phosphate buffer.

Transmission electron microscopy {#sec2-4}
--------------------------------

P0 to P18M mice were intraperitoneally anesthetized with sodium pentobarbital (20 mg/kg) and perfused transcardially with 4% paraformaldehyde + 1% glutaraldehyde in phosphate buffer. Cerebella were dissected into tissue blocks of 1.0 mm × 1.0 mm × 1.5 mm. The tissue blocks were postfixed in 4% glutaraldehyde for 4--12 hours at 4°C. After washing several times in phosphate buffer, samples were fixed in 1% OsO~4~ for 1 hour before dehydration in graded ethanol and embedding in Epon 812 resin (Durcupan ACM; Sigma-Aldrich, Gillingham, UK). The Purkinje cell layer was localized in semi-ultrathin sections under light microscopy, and ultrathin 70--80 nm sections were cut (Reichert Ultracut E; Leica, Vienna, Austria) and stained with uranyl acetate, followed by lead citrate. The Purkinje cells and synapses were imaged using an H-7500 electron microscope (Hitachi, Tokyo, Japan).

Photography and confocal imaging {#sec2-5}
--------------------------------

Sections from P0 to P18M mice were photographed with a laser confocal microscope (FV1000; Olympus) using a 100× NA1.4 oil objective and separate laser lines of 356 nm (for nuclei), 488 nm (for synaptic puncta) and 568 nm (for DiI-stained spines and Purkinje cells). Synaptophysin-immunoreactive puncta (green) and DiI-labeled Purkinje cells (red) were visualized using a 4× digital zoom. Both synaptophysin puncta and dendrites were scanned at 0.5 μm intervals along the Z axis. Several images were scanned for dendritic spines and synaptophysin puncta; however, only three neighboring images were overlapped.

Image analysis {#sec2-6}
--------------

The number of synaptophysin puncta and dendritic spine density were measured or calculated using ImageJ analysis software (National Institutes of Health, Bethesda, MD, USA). The following parameters and formulas were used: (1) synapse density = the number of synaptophysin-immunoreactive puncta/area of Purkinje cell layer and molecular layer (puncta/mm^2^); (2) the density of dendritic spines = the number of dendritic spines/length of dendrites (spines number/μm).

Statistical analysis {#sec2-7}
--------------------

Data are expressed as the mean ± SD. The regression equations of age versus synapse density or age versus synaptic buttons were calculated with SPSS 19.0 software (IBM, Armonk, NY, USA). To quantify the aging of synapses and dendritic spines, comparisons among various ages (P3M, P12M and P18M) were made by one-way analysis of variance followed by Student-Newman-Keuls analysis. P3M (young adult mice) was regarded as the control group, but P12M and P18M were regarded as aging groups. A value of *P* \< 0.05 was considered statistically significant.

Results {#sec1-3}
=======

Synaptic aging in dendritic spines {#sec2-8}
----------------------------------

DiI diolistic assays and calbindin immunocytochemistry were performed. Purkinje cells could be identified as early as P3. At this age, a row of Purkinje cells appeared between the molecular and granular layers. A bold primary dendrite could be seen extending from the cell body toward the molecular layer, and two or three short dendrites branched from the primary dendrite. An axon from each Purkinje cell penetrated through the granular layer and entered into the white matter of the cerebellum (**[Figure 1D](#F1){ref-type="fig"}**). In this way, the molecular layer was filled with a few short Purkinje cells dendrites. With increasing age, the Purkinje cells grew, and dendrites branched repeatedly. Finally, the Purkinje cells appeared fan-shaped with numerous dendrites in the molecular layer (**Figures [1B](#F1){ref-type="fig"}**, **[2A](#F2){ref-type="fig"}**, **[2B](#F2){ref-type="fig"}**). At P30, the Purkinje cells dendrites reached the pia (**[Figure 1B](#F1){ref-type="fig"}**). The DiI diolistic assay showed dendritic spines on dendrites. At P3, dendritic spines started to sprout, and many of them looked like filopodia (**[Figure 1D](#F1){ref-type="fig"}**). With dendrite growth into the molecular layer, the number of dendritic spines rapidly increased (**Figure [1A](#F1){ref-type="fig"}**, **[E](#F1){ref-type="fig"}**). At P14, the spine density increased further, and the spines became short and neatly arranged (**[Figure 1F](#F1){ref-type="fig"}**). At P30, the spine density peaked and remained at this level until P12M (**Figures [1B](#F1){ref-type="fig"}**, **[1G](#F1){ref-type="fig"}**, **[3A](#F3){ref-type="fig"}**). At one year of age, dendritic spines started to show alterations to their shape and quantity. The dendritic spine density gradually decreased (**Figures [1C](#F1){ref-type="fig"}**, **[1I](#F1){ref-type="fig"}**, **[3A](#F3){ref-type="fig"}**). After curve fitting between spine density (Y) and age (X), regression was calculated by *Y* = 0.025*X*^3^ − 0.416*X*^2^ + 2.172*X* − 1.586 (*R*² = 0.989; *P* \< 0.05). Compared with control (P3M), dendritic spines were gradually lost at P12M and P18M (*P* \< 0.05).

![Aging of dendritic spines in Purkinje cells (DiI diolistic assay).\
(A−C) Purkinje cells at various ages. At P7, the Purkinje cells were not mature. (A) A bold primary dendrite extended from the cell body toward the molecular layer, and the primary dendrite branched into 2−3 secondary dendrites. (B) With increasing age, the dendrites branched repeatedly and the Purkinje cells appeared fan-shaped with numerous dendrites in the molecular layer. At P30, the dendrites could reach up to the pia. (C) At P18M, Purkinje cells had aged and had fewer branched dendrites. (D--I): High magnification images of dendritic spines at various ages. (D) At P3, the spines started to sprout with sparse filopodia on dendrites. (E) At P7, the dendritic spines became short, and their number increased. (F) Dense tidy spines were found at P14. (G) At P30, the number of dendritic spines was maximal. (H) At P12M, the dendritic spines started to gradually decrease. (I) At P18M, many dendritic spines were lost. Scale bars: 30 μm in A−C, 5 μm in D−I. P3, P7, P14, P30: Postnatal 3, 7, 14, 30 days; P12M, P18M: postnatal 12, 18 months.](NRR-13-1019-g002){#F1}

![Purkinje cells and synaptophysin-immunoreactive puncta at various ages (calbindin and synaptophysin immunocytochemistry and DAPI counterstaining).\
Calbindin-immunoreactive Purkinje cells (red), synaptophysin-immunoreactive presynaptic puncta (green), and DAPI-labeled nuclei (blue) were visualized. At P3, Purkinje cells in the PCL (red) had short processes. The dendrites did not extend into the molecular layer. (A) Synaptophysin-immunoreactive puncta (green) were located around Purkinje cells. At this age, there were almost no synaptophysin-immunoreactive puncta in the molecular layer. (B) At P7, many dendrites extended into the molecular layer, and there was a large increase in the number of synaptophysin-immunoreactive presynaptic puncta around cell bodies, dendrites and spines. At P30, the branched dendrites of Purkinje cells had filled the molecular layer, and the dendrites had reached the pia. (C) Synaptophysin-immunoreactive puncta were very dense around Purkinje cells. After P12M, the synapses showed signs of aging, and the number of synaptic buttons decreased. (D) At P18M, the number of synaptophysin-immunoreactive buttons was at a minimum. Scale bar: 20 μm. P3, P7, P30: Postnatal 3, 7, 30 days; P12M, P18M: postnatal 12, 18 months. ML: Molecular layer; PCL: Purkinje cell layer; IGL: internal granular layer.](NRR-13-1019-g003){#F2}

![Changes in the density of dendritic spines and synaptic buttons in Purkinje cells during synaptic aging.\
(A) Fitted curve between spine density (Y) and age (X): The regression equation is shown with the formula: Y = 0.025X^3^ − 0.416X^2^ + 2.172X − 1.586 (*R*² = 0.989, *P* \< 0.05). The dendritic spines at P12M and P18M were compared with control (P3M). (B) Fitted curve between synaptic buttons (Y) and age (X): The regression equation is shown with the formula: Y = 0.013X^3^ − 0.244X^2^ + 1.384X − 0.973 (*R*² = 0.972, *P* \< 0.05). Synaptophysin-immunoreactive puncta at P12M and P18M were compared with control (P3M). \**P* \< 0.05, *vs*. control (*n* = 60; one-way analysis of variance followed by Student-Newman-Keuls analysis). P3, P14: Postnatal 3, 14 days; P1M, P3M, P6M, P12M, P18M: postnatal 1, 3, 6, 12 and 18 months.](NRR-13-1019-g004){#F3}

Quantity and ultrastructure of aging synapses {#sec2-9}
---------------------------------------------

Synaptophysin is specifically expressed in synaptic vesicles of presynaptic terminals. Therefore, synaptophysin can be used as a marker for presynaptic terminals, and the number of synaptophysin-immunoreactive puncta represents the number of synapses. This study used calbindin and synaptophysin to co-label Purkinje cells and presynaptic terminals (**Figure [2A](#F2){ref-type="fig"}--[D](#F2){ref-type="fig"}**). Synaptophysin-immunoreactive puncta were usually located on spines, dendrites and cell bodies of Purkinje cells, suggesting that they represented synaptic connections on Purkinje cells. At P3, only a few synaptophysin-immunoreactive puncta were seen around the dendrites and cell bodies of Purkinje cells. Only a few synaptophysin-immunoreactive puncta were seen in the molecular layer, because there were no Purkinje cell dendrites in this layer (**[Figure 2A](#F2){ref-type="fig"}**). At P7, the number of synaptophysin-immunoreactive puncta increased, and many synaptophysin-immunoreactive puncta were located in the lower molecular layer because the Purkinje cells' dendrites extended into the molecular layer (**[Figure 2B](#F2){ref-type="fig"}**). At P30, the number of synaptophysin-immunoreactive puncta peaked they were distributed throughout the Purkinje cell and molecular layers (**Figures [2C](#F2){ref-type="fig"}**, **[3B](#F3){ref-type="fig"}**). The number of synaptophysin-immunoreactive puncta remained at this plateau level until P12M. The number of synaptophysin-immunoreactive puncta then decreased and reached a minimum after P18M (*P* \< 0.05; **Figures [2D](#F2){ref-type="fig"}**, **[3B](#F3){ref-type="fig"}**). After fitting the curve between the synaptic buttons (*Y*) and age (X), regression was calculated by *Y* = 0.013*X*^3^ − 0.244*X*^2^ + 1.384*X* − 0.973 (*R*² = 0.972, *P* \< 0.05) (**[Figure 3B](#F3){ref-type="fig"}**). Compared with control (P3M), synaptic button numbers at P12M and P18M decreased gradually (*P* \< 0.05). These results confirm that synapse loss occurs during synaptic aging.

Synaptic ultrastructure was observed by transmission electron microscopy. As early as P7, the ultrastructure of synapses could be observed with a presynaptic membrane, a synaptic cleft (25--30 nm) and a postsynaptic membrane (**[Figure 4A](#F4){ref-type="fig"}**). At P30, the synaptic structure was mature, with presynaptic terminals containing mitochondria and a large number of synaptic vesicles (33--36 nm) (**[Figure 4B](#F4){ref-type="fig"}**). Both presynaptic and postsynaptic membranes had thickened to form the specialized zones (**[Figure 4C](#F4){ref-type="fig"}**). After P12M, synapses started to age. The numbers of synaptic vesicles and mitochondria in presynaptic terminals were reduced, and both presynaptic and postsynaptic membranes became thin (**Figure [4C](#F4){ref-type="fig"}**, [**D**](#F4){ref-type="fig"}).

![Synaptic ultrastructure during synaptic development and aging (transmission electron microscope).\
(A) At P14, synapses had a presynaptic membrane, synaptic cleft and postsynaptic membrane. There were numerous synaptic vesicles in the presynaptic terminal, and obvious thick pre- and post-synaptic membranes. (B) At P30, synapses looked more mature with typical synaptic structure. (C, D) At P18M, the aged synapse had fewer synaptic vesicles and thin pre- and post-synaptic membranes. Arrows: Synapse; arrowheads: synaptic vesicles. Scale bar: 300 nm. P14, P30: Postnatal 14, 30 days; P18M: Postnatal 18 months.](NRR-13-1019-g005){#F4}

Discussion {#sec1-4}
==========

Dendritic spines and synaptic buttons are lost during synaptic aging {#sec2-10}
--------------------------------------------------------------------

The synapse is the key structure in neural networks that transduces action potentials between neurons. Synapses are crucial to learning and memory in the central nervous system (Whalley, 2014; Wu et al., 2017). Therefore, studies of synaptogenesis and synaptic aging are important for understanding neural development and neural pathogenesis. Our previous study found that synaptogenesis and synaptic maturation were harmonized with brain development and maturation (Li et al., 2010). Many neurodegenerative diseases are associated with disorders of synaptic function, such as Alzheimer disease (Toth et al., 2017; Rajendran and Paolicelli, 2018). Pathological Aβ strongly inhibits the synaptic vesicle fusion machinery (An et al., 2013; Yuyama and Igarashi, 2017). In Parkinson disease, pathological mutations of Parkinson disease factors result in abnormal degradation of synaptic proteins (Collins et al., 2015; Morales et al., 2015). Therefore, the study of synaptic aging is significant for basic theoretical understanding and clinic practice. This study sought to understand the relationship between synaptic aging and quantitative alterations of synapses. Synaptophysin is a calcium binding acidic glycoprotein located around synaptic vesicles, and it plays an important role in neurotransmitter release (Mallozzi et al., 2013; Gordon et al., 2016). Dendritic spines can also be used to reflect the state of synapses, because the postsynaptic element of excitatory synapse is often located on spines (Sasaki et al., 2014; Lei et al., 2017). In the present study, synaptophysin immunocytochemistry and Dil diolistic assays were used to visualize synaptic buttons and dendritic spines, as in our previous experiment (Li et al., 2010), and the number of synaptic buttons and dendritic spines on Purkinje cells were investigated during synaptic aging.

Purkinje cell dendrites can receive information from parallel fibers in the molecular layer; therefore, numerous synapses exist on Purkinje cell dendrites (Lippiello et al., 2015). Our results showed that in adult mice from P30 to P12M, the synapse density remained at a plateau level. The synapses started to show aging after P12M, when the action of synaptophysin-immunoreactive synaptic buttons begins to slow (Kommaddi et al., 2017). These phenotypic characteristics may result from Purkinje cell damage (Cheng et al., 2011). Cell apoptosis leads to morphological changes of Purkinje cells with reduced numbers of dendrites and spines and even synaptic disassembly (Zhang et al., 2006; Li et al., 2013). Cell apoptosis also reduces neurotrophic influence on Purkinje cells, and causes further dendritic reduction (Li et al., 2013). The cytoskeleton is involved in the plasticity of dendritic spines (Badura et al., 2013; Bellot et al., 2014; Min et al., 2017). With neural aging, the cytoskeleton in dendritic spines starts to disassemble (Young et al., 2014), resulting in the retraction of dendritic spines (Shimada et al., 2006). Therefore, during synaptic aging, dendritic spines and synapses are gradually lost.

Ultrastructural changes during synaptic aging {#sec2-11}
---------------------------------------------

Synaptic aging refers to morphological and functional degeneration, and even disassembly of the synapse (Weber et al., 2015; Smidak et al., 2017). The study of synaptic aging is important for understanding the pathogenesis of neural degenerative diseases (Foster et al., 2017). The ultrastructure of a synapse consists of a presynaptic element, a synaptic cleft and a postsynaptic element (Tremblay et al., 2013). Ultrastructural alterations strongly affect synaptic function; therefore, synaptic aging will affect the transduction of action potentials, and learning and memory (Lee and Littleton, 2015; Shetty et al., 2017; Todorova and Blokland, 2017). In this study, using transmission electron microscopy, the ultrastructure of aging synapses was systematically investigated. After P12M, the numbers of synaptic vesicles and mitochondria in presynaptic terminals were reduced, and the specialized zones of pre- and post-synaptic membranes became thin. Synaptic vesicles store neurotransmitters (Lee and Littleton, 2015), and mitochondria provide energy for neurotransmitter release (Hrynevich et al., 2015; Lee and Littleton, 2015). In aged synapses, because of the reduced number of synaptic vesicles and mitochondria, neurotransmitter release may not occur normally, resulting in impaired neural signal transduction (Luo et al., 2014). Furthermore, the postsynaptic membrane contains many neurotransmitter receptors. The thin postsynaptic membrane in an aged synapse is likely to cause these receptors to malfunction (Nair et al., 2013). Aged synapses are often found in neurodegenerated brains, such as in Alzheimer disease and Parkinson disease (Whitfield et al., 2015). Norepinephrine is involved in synaptic aging, especially in the cerebellum. Norepinephrine can regulate Purkinje cell activity with the cooperation of γ-aminobutyric acid (Bickford, 1993). In aging Purkinje cells, cell activity decreases because of insufficient norepinephrine in the synapse (Bickford-Wimer et al., 1988; Louis et al., 2009). Subsequently, levels of neurotransmitter hydrolases decrease, which weakens the activity of glutamate dehydrogenase, causing glutamate accumulation. The accumulated glutamate is toxic to neurons and can cause further neuronal apoptosis (Rossi et al., 2006; Fu et al., 2011; Morland et al., 2016).

In summary, dendritic spines and synaptic buttons are lost during synaptic aging. Simultaneously, aged synapses also exhibit ultrastructural alterations, such as a reduction in the number of synaptic vesicles and mitochondria in presynaptic terminals and thin pre- and post-synaptic membranes. Aging synapses can impede neurotransmitter release, resulting in disordered synaptic morphology and function.
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